Snow-atmosphere relationships have been studied for nearly half a century, but the primary focus has been on snow extent variability, largely because of the relative scarcity of snow depth data. A recently released North American snow depth dataset, with extensive spatial coverage and multidecadal temporal duration, provides a new opportunity to compare snow depth-climate relationships with snow extent-climate relationships over North America. Robust concurrent lead and lag correlations are observed between snow depth and two major climate modes, the Pacific decadal oscillation (PDO) and the Pacific-North America (PNA) pattern, across North America and throughout the snow season. In contrast, snow extent exhibits a less coherent relationship with PDO and PNA except in late spring, which can be interpreted as a residual of the snow depth-climate mode relationship. A regional signature for the snow depth-PDO/PNA relationship is also identified, centered over interior central-western North America. Smaller scales mask the regional effect of PDO and PNA because of local snow depth variability, while larger continental scales exceed the regional domain of the climate mode teleconnections. Overall these results suggest that North American snow depth variability may have greater climatic causes and consequences than snow extent. Physical mechanisms that may be responsible for the observed snow depth-climate teleconnection patterns such as the surface energy balance, moisture transport, and atmospheric flow regimes are briefly discussed.
Introduction
Physically based relationships between snow and climate have been studied for nearly half a century, dating back to the pioneering work of Namias (1960 Namias ( , 1962 Namias ( , 1964 . Anomalous snow cover can influence the surface energy balance and temperature over a broad land surface region, and in turn affect atmospheric flow regimes, circulation patterns, and hemispheric climate. Over broad regional/continental scales, the bulk of the scientific literature has primarily focused on interactions associations between climate and snow extent, that is, the presence or absence of snow. Numerous statistical and modeling studies revealed that large continentalscale snow extent anomalies could lead to significant variations in climate and general circulation, via changes to the energy budget in the lower atmosphere (e.g., Leathers and Robinson 1993; Entekhabi 1999, 2001; Gong et al. 2002 Gong et al. , 2003 Saito and Cohen 2003; Saunders et al. 2003; Garcia-Herrera and Barriopedro 2006; Goddard et al. 2006) . Conversely, another body of research demonstrated that fluctuations in snow extent are the consequence of variations in temperature and/or large-scale circulation (e.g., Walsh et al. 1982; Foster et al. 1983; Derksen et al. 1997; Clark and Serreze 2000) . Much of this research on snow extent versus climate has been facilitated by the continuous observations of visible satellite-based snow extent over the Northern Hemisphere since the 1960s (Robinson 1999) .
The contribution of continental snow depth to climate has been studied much less extensively, largely because of the lack of snow depth datasets that are spatially and temporally broad. A number of modeling studies merged snow extent and snow depth into an aggregate forcing and examined their combined effects on broad climate variations (e.g., Douville and Royer 1996; Cohen and Entekhabi 2001; Gong et al. 2003 Gong et al. , 2004 Marshall et al. 2003) . On more regional scales, point observations over North America have been used to discern statistical associations between snow depth and climate over selected regions. Most of these works were based on the observations at western part of the United States and demonstrated the effects of precipitation and temperature variability on snow depth or snow water equivalent (Cayan et al. 1996; McCabe and Dettinger 2002; Jin et al. 2006; Mote 2006) . Serreze et al. (1998) and Hartley and Keables (1998) associated snowfall regimes over the central and eastern United States with principal modes of climatic variability. Sobolowski and Frei (2007) detected teleconnection relationships between summer/fall climate indices and winter snow water equivalent over specific regions within midlatitude North America.
Our snow depth-climate relationship research contributes new information to this heretofore constrained body of literature. A new long-term, gridded snow depth data product (Dyer and Mote 2006 , henceforth referred to as DM06) covering all of North America provides a new opportunity to study snow depth-climate relationships on continental scales. DM06 is the most extensive and consistent snow depth dataset to date in both space and time, spanning all of North America and the entire twentieth century (see section 2).
As a first step, Ge and Gong (2008) used DM06 to investigate the degree of mutual consistency between interannual variations of snow depth and snow extent. Results indicate that continental-scale snow depth variations are significant in their own right, and that depth and extent anomalies are largely unrelated over broad high-latitude regions north of the snow line, especially in winter. Deeper (shallower) winter snow translates into more (less) extensive snow-covered area in the following spring/summer seasons, but only for certain locations and months. Overall, a lack of mutual consistency was found between these two snowpack variables at regional/continental scales. Hence Ge and Gong (2008) suggest that snow depth variations may be of sufficiently large magnitude, spatial scope, and temporal duration to interact with regional-hemispheric climate in a manner unrelated to the more extensively studied snow extent variations.
The current study further analyzes DM06 by explicitly comparing continental-scale snow depth versus snow extent, with respect to their interannual relationships with principal modes of climate variability. The central hypothesis is that large-scale snow depth anomalies over North America exhibit significant statistical associations with climate, apart from the wellstudied snow extent-climate relationships. ''Climate'' in this paper refers to four major climate mode indices that influence extratropical North American climate, namely the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), Pacific decadal oscillation (PDO), and Pacific-North America (PNA) pattern.
The AO index is typically defined as the leading principal component of extratropical sea level pressure (SLP) variability; a positive AO is characterized by periods of below-normal Arctic SLP, enhanced surface westerly in the north Atlantic, and warmer-and wetterthan-normal conditions in northern Europe (Thompson and Wallace 1998) . The NAO index represents lowfrequency variability of North Atlantic region atmospheric circulation via SLP differences between Iceland and the Azores; a positive NAO phase contributes significantly to the wintertime warmth across Europe and cold conditions in the northwest Atlantic (Hurrell 1996) . The PDO is an El Niñ o-like pattern of Pacific climate variability, derived as the leading principal component of monthly sea surface temperature (SST) anomalies in North Pacific Ocean; in the positive PDO phase, SSTs are anomalously cool in the interior North Pacific and warm along the Pacific coast, and SLPs are below average over the North Pacific (Mantua et al. 1997) . The PNA index is derived from 500-hPa geopotential height values (Wallace and Gutzler 1981) ; positive phase of PNA pattern is associated with aboveaverage temperatures over western Canada and the extreme western United States and below-average temperatures across the south-central and southeastern United States.
Our focus is to identify and characterize broad snow depth-climate relationships found in the observational data and to discern appropriate metrics describing these relationships at continental scales. Section 2 describes the datasets used in this study, section 3 presents results, and hypothesized physical mechanisms are discussed in section 4. The ultimate objective of this research is to provide a more comprehensive understanding of snow cover-climate relationships by incorporating the influence of snow depth in conjunction with snow extent. Such an improved understanding will help to refine snow feedbacks associated with anthropogenic climate change and enhance the potential for climate predictability contained in snow anomaly signals.
Data
DM06 provides daily 18 3 18 gridded values of snow depth from 1900 through 2000 over all of North America. Daily observations from about 7000 measurement stations in the United States and Canada were converted to 18 3 18 grids using a modified version of the Shepard (1968) interpolation procedure for irregularly spaced data. We performed an independent quality review of DM06 by analyzing spatial station distributions and corresponding snow depth fields at different times and visually identifying years with obvious erroneous data fields. It is found that the quality of interpolated gridpoint values is most reliable after 1956, when additional stations throughout Canada became available; therefore we limit our analysis to the 1956-2000 period. Ge and Gong (2008) demonstrated that the DM06 dataset over this period captures the basic snow depth features over North America as a whole, consistent with other well-established datasets, for example, the National Oceanic and Atmospheric Administration (NOAA) visible satellite observations (Robinson 1999) and long-term reconstructions (Frei and Robinson 1999; Brown 2000) .
The integration algorithms used by DM06 are generally less accurate in mountainous and high-latitude areas, where the station density is low. In data-sparse regions, less than five observations within 100 km from the center of a grid point were used for interpolation; if no observations were located within 100 km, the maximum search radius was set as the distance to the nearest observation. Therefore the lack of observations at datasparse areas increases the spatial dependence on snow depth data at neighboring grids.
The snow data used in this study have extensive spatial coverage (all of North America excluding Greenland), multidecadal temporal duration (45 yr), and fine spatial and temporal resolution (daily 18 3 18 grids), the combination of which was not available in previous datasets used for studying snow depth versus climate. For example, the Brown (2000) gridded snow depth data spans 83 yr, but the domain is constrained to south of approximately 558N latitude, and the 190.5-km polar stereographic grid over North America translates to a grid resolution of roughly 2.58 3 2.58. Similarly, regional studies utilizing point snow depth observations have limited spatial extent and irregularly distributed data points. Hence the DM06 dataset allows us to conduct a closer and more comprehensive analysis of snow depth-climate relationships across North America than has previously been possible.
Indices of the four primary teleconnection modes are obtained from established, publicly available sources. The AO and PNA indices are from the NOAA Climate Diagnostic Center (http://www.cpc.ncep.noaa. gov/data/teledoc/teleintro.shtml). The NAO index is from the National Center for Atmospheric Research (http://www.cgd.ucar.edu/cas/jhurrell/indices.data.html# naostatmon). The PDO index, derived as the leading principal component of monthly sea surface temperature anomalies in the North Pacific Ocean, is obtained from the University of Washington's Joint Institute (http://jisao.washington.edu/pdo/PDO. latest).
Results

a. Correlation between North American SND/SNE and four climate modes
The monthly snow extent (SNE) time series over North America (NA) during the 1956-2000 period is derived by summing the area of snow-covered land over all grid cells in the DM06 dataset. Monthly snowcovered area for each grid cell is computed by multiplying monthly snow frequency (monthly snow-covered days/total number of days) by gridcell area, following Brown (2000) . The corresponding monthly snow depth (SND) time series over NA is computed as the areaweighted average snow depth over this snow-covered extent, that is, summing the product of gridcell snow depth and snow-covered area over all grid cells in NA, then dividing this sum by the overall NA SNE.
These monthly SNE and SND time series for North America, and also the monthly climate mode indices, are subject to autocorrelation from one month to the next. This condition affects the statistical significance of cross correlations between time series for individual months. Therefore an ''effective number of degree of freedom'' (EDOF) is applied to each cross-correlation analysis, which is fewer than the number of months (N 5 540 months 5 45 yr 3 12 months) in the original time series. The relation between EDOF and N is EDOF 5 N=t, where t 5 P ' i5À' C XX ðiÞC YY ðiÞ, and C XX (i), and C YY (i) are the ith-lag autocorrelation coefficients of two time series X and Y (Davis 1976; Chen 1982) . Next, the EDOF is divided by 12 to approximate the effective sample size for the individual monthly correlations (Table 1) , which is smaller than the original duration of 45 yr. Also shown in Table 1 are the corresponding critical correlation and R 2 values at the 90% and 95% confidence level. Table 1 . The monthly correlations between SNE and all four indices generally fall below the 90% confidence level thresholds (Fig. 1a) . Some months exceed 90% confidence level but do not show any coherent pattern, except perhaps that the late winter and spring exhibit the strongest and most consistent correlations.
Figure 1b reveals that the correlations between SND and NAO/AO are also weak. However, there are stronger, consistent negative SND-PDO/PNA correlations throughout the snow season. For PDO, the negative relationship with SND strengthens gradually over the snow season and peaks in March when the correlation coefficient magnitude is in excess of 0.7. The SND-PNA relationship follows a similar temporal pattern, although the peak occurs in January. Statistically significant correlations above the 90% confidence level are found from November through April for PNA. For the PDO only February and March are significant at 90% confidence level because of the autocorrelation in the PDO series; however, the overall snow season (January-April) exhibits coherent, elevated correlations compared to months outside the snow season.
Note that for PDO the correlations with SNE increase in April and May as the correlations with SND subside. This suggests that climate may exhibit a sustained teleconnection with snow cover, which is manifested as a SND relationship during the snow season when the snow cover is consistent and widespread and a residual SNE relationship in late spring when the snow cover is shallow and less prevalent. Such behavior is consistent with the characteristics of SNE-SND mutual consistency discussed in Ge and Gong (2008) , and will be elaborated on in section 4.
The sporadic and inconsistent correlations found between SNE versus climate modes are consistent with early snow extent studies (Gutzler and Rosen 1992) . Other studies using limited duration datasets reported modest relationships between snow water equivalent and selected climate modes (Cayan et al. 1996; Jin et al. 2006) . Snow water equivalent is not a proxy for snow depth but does similarly represent the amount of snow on the ground, as opposed to its presence or absence. Using DM06, Fig. 1 shows the existence of clear and consistent negative climatic teleconnections between SND and the PDO as well as PNA indices, from late autumn through early spring, while no such relationship is apparent for snow extent. Hence our results confirm earlier studies regarding snow extent, but indicate stronger climatic connectivity than previously found for snow depth.
Of course, the existence of nonlinear relationships will not be captured using simple linear correlations. Therefore scatterplots are computed and investigated for each correlation presented in Fig. 1 but no evidence of nonlinear relationships is found. Representative scatterplots for PDO versus normalized interannual SNE/SND during March are presented in Fig. 2 . There is a wide scatter and lack of any apparent relationships (linear or nonlinear) between PDO and SNE (Fig. 2a) , while a linear relationship is apparent between PDO and SND (Fig. 2b ) that explains over half of the total Table 1. variability between the two variables. The residuals of the linear SND-PDO regression show random and independent characteristics, that is, no structure or changing variance with time ( Fig. 2c) and small autocorrelation coefficients except in the zeroth lag (Fig.  2d) .
Besides the significant concurrent correlations ( p , 0.10) throughout the snow season, SND versus PDO/ PNA exhibits lead-lag correlations (Fig. 3) . Figure 3a shows that SND is correlated with the preceding, concurrent, and subsequent PDO throughout the snow season. In particular, SND are significantly correlated with concurrent PDO in February and March, with R 2 values larger than 0.4178 (p , 0.10). The January and February SND is significantly correlated with PDO in the following month, and the April SND is well correlated with prior PDO at 10% significance level (R 2 . 0.4178). The strongest correlations occur in February and March. Hence late winter PDO seems particularly influential with respect to SND. Meanwhile, Fig. 3b shows that the relationship between SNE and PDO is weak except in May (R 2 . 0.1969, p , 0.10). SNE is correlated to preceding and concurrent PDO during the late spring, which again suggests that the climatic relationships with SNE may be residuals of the relationships with SND. SND variations associated with PDO during the winter may be retained as SNE variations during spring, since a deeper (shallower) winter snowpack will take more (less) time to melt away in the spring (Ge and Gong 2008) . Similarly, winter SND is also clearly correlated with preceding and following PNA throughout the snow season (Fig. 3c, R 2 . 0.1236, p , 0.10), while only the PNA-SNE lead-lag correlation in May is coherent (Fig. 3d, R 2 . 0.0847, p , 0.10). Overall, the marked difference between SND and SNE correlations across all lags suggests that the PDO and PNA modes are more strongly related to SND than to SNE in the winter season.
b. Correlations between gridpoint SND and PDO/PNA
The concurrent and lead-lag correlations between SNE/SND versus climate indices over NA as a whole indicate that SND exhibits more clear and robust relationship with the PDO and PNA indices than SNE, throughout the snow season. We now take a closer look at this relationship by examining SND variability within NA against these two climate indices. Figure 4 presents monthly linear correlation maps between gridpoint SND and the concurrent PDO index. For all months, there are broad regions, predominantly over interior central-western NA, in which SND is significantly correlated with the PDO index. These negative correlation regions share similar characteristics with centers of temperature variation associated with the PDO index found in the literature (Mantua et al. 1997; Zhang et al. 1997) . A modest region of positive correlation is also observed near the southeastern edge of the snow line, but only in December and January. Gridpoint correlations between SND and PNA have similar characteristics, as shown in Fig. 5 . The negative SND-PDO/PNA correlation regions are generally consistent from November through April, although they migrate meridionally with the snow line and become stronger and broader after February. This seasonal pattern is consistent with the stronger SND-PDO/PNA correlations in late winter and spring shown in Fig. 1b for NA as a whole. It is also possible that the expanded region is related to the snow depth distribution. The linear correlation is less accurately calculated between skewed distributed SND at shallow snow regions against a normally distributed variable such as PDO/PNA. Monthly SND will mostly resemble a normal distribution at thick snow region and the linear correlations will provide the best results. Thus the relatively deep and stable snowpack over NA in late winter and early spring leads to the expanded region of significant correlations.
Note that the individual gridpoint SND correlations can lead to spatial dependence among the local tests, which may affect the statistical significance of the overall correlation field. Therefore, the collective field significance over the study domain is evaluated following Livezey and Chen (1983) . For each month in Figs. 4 and 5, 200 sequences of 45 (from year 1956 to 2000) independent Gaussian random variables are generated, and each is correlated with the gridpoint SND field. The percentage of grid points that are correlated (at the 95% confidence level) with each Gaussian time series sequence is computed, and a null distribution is developed from the resulting set of 200 correlated gridpoint percentages. This null distribution is compared to the percentage of grid points that are correlated with the actual climate index time series. For all correlation fields shown in Figs. 4 and 5, the percentage of significant SND-PDO/PNA correlations falls within the upper 5% of its null distribution, which indicates that the overall correlation fields satisfy this field significance test.
An intuitive notion is that the average of the individual gridpoint SND versus PDO/PNA correlations in Figs. 4 and 5 (Avg. of Corr.) should be roughly equal to the corresponding correlation value for NA-averaged SND versus PDO/PNA shown in Fig. 1 (Corr. of Avg.). However, a discrepancy is observed when Avg. of Corr. and Corr. of Avg. are directly compared in Fig. 6 ; for all months shown Corr. of Avg. is stronger (i.e., more negative) than Avg. of Corr. Moreover, the maximum magnitude of the correlations in Figs. 4 and 5 is generally about 0.5, whereas the correlations in Fig. 1 range from roughly 20.5 to 20.7. In fact, Fig. 6 shows that from January through April the value of Corr. of Avg. exceeds 95% of the individual gridpoint correlation values for that month.
Computing a spatial average of SND leads to stronger climate mode correlations than using individual gridpoint SND. To explore this disagreement between Avg. of Corr. and Corr. of Avg., five nested regions of varying size but all cocentered in central-western NA (538N, 1158W) are examined (Fig. 7) . The center of the five regions is selected to coincide with the spatial pattern of winter temperature variation associated with the PDO index (Mantua et al. 1997; Zhang et al. 1997 ). Both Avg. of Corr. and Corr. of Avg. over the five regions are computed and compared with each other.
Avg. of Corr. and Corr. of Avg. results for March are presented as an example in Fig. 8a . As the region domain expands, Avg. of Corr. is initially steady. Figure 4 shows that within regions 1 and 2 the SND-PDO relationship is generally the strongest, so the average of the correlations does not drop noticeably. For increasingly larger regions, Avg. of Corr. decreases somewhat as the region encompasses areas beyond interior centralwestern NA into areas with weaker SND-PDO relationships in Fig. 4 (region 3 to region 5). In contrast, Corr. of Avg. increases initially then decreases slightly; the strongest correlation occurs for the midsized region (region 3). Corr. of Avg. is stronger than Avg. of Corr. for all five test regions, but the two values appear to converge as the region decreases in size toward a single grid point, in which case no averaging is done for either metric. Results for all other months are similar.
Our interpretation of the distinct behavior of Corr. of Avg. over the five regions is as follows. Snow depths at individual grid points are subject to local factors such as wind, temperature, and humidity, which can mask the underlying SND-PDO relationship. As the study region initially expands (region 1 to region 3), spatially averaging the individual gridpoint SND time series progressively cancels out this local variability, so that the resulting region-averaged SND exhibits increasingly clear relationships with PDO, and hence Corr. of Avg. increases. However, very large regions enclose areas outside the interior central-western NA region where the SND-PDO signal is strongest (region 4 to region 5), so Corr. of Avg. begins to decrease as for Avg. of Corr. Figure 8b shows that region 3 has the largest Corr. of Avg. for all months. Similar results are also observed for SND-PNA correlations (not shown), though they are not as consistent as for PDO. Therefore, the SND versus PDO/PNA relationship appears to be a regional phenomenon over interior central-western NA (region 3). Local factors mask this relationship for small regions or a single grid point, while large continental scales FIG. 5 . Monthly correlation maps between gridpoint SND and concurrent PNA time series. All correlation fields satisfy the 95% field significance test (Livezey and Chen 1983) .
exceed the regional domain of this relationship. This result is generally consistent with previous studies of snow-climate behavior over the western United States (e.g., Sobolowski and Frei 2007) .
c. Composite gridpoint SND difference under extreme PDO conditions
Figures 4 and 5 indicate that a regional-scale area is maintained throughout much of the snow season in which SND variations significantly correlate with PDO and PNA indices. A composite analysis is performed to complement these linear correlation results. In contrast to the linear correlation analysis, the composite analysis provides a more straightforward measurement of SND change that is associated with extreme PDO anomalies without presuming a specific relationship between SND and PDO.
Composite maps in Fig. 9 show average SND over the five highest PDO years (SND PDO1 ) minus average SND over the five lowest PDO years (SND PDOÀ ) at each grid cell. Positive (negative) differences in Fig. 9 indicate that deeper (shallower) snow coincides with positive PDO index. Broad regions exhibiting a negative relationship are apparent over central-western NA for November through April, which confirm the conclusions from the gridpoint correlation maps that the most significant relationship is in this region. There are also regions showing a positive relationship near the southeastern edge of the snow line in December and January, once again consistent with the correlation analysis results. However this relationship is considerably more apparent in the composite analysis.
Positive and negative PDO/PNA may have asymmetrical associations with NA SND. As an example, Figs. 10a,b plot the anomalous March SND in the positive PDO years (SND PDO1 2 SND 45 ) and negative March SND anomalies in the negative PDO years (SND 45 2 SND PDOÀ ), where SND PDO1 , SND PDOÀ , and SND 45 are the mean SND in the five highest/lowest PDO years and over the 45-yr duration. These two composite difference maps show a similar pattern, but the negative PDO (Fig. 10b ) has broader and more significant impact on NA SND than the positive PDO (Fig. 10a) . Similarly, (SND PNA1 2 SND 45 ) and (SND 45 2 SND PNAÀ ) composite difference maps are plotted in Figs. 10c,d. Positive PNA (Fig. 10c) is more influential to NA SND than negative PNA (Fig. 10d) .
The effect of spatial averaging is also assessed for this SND composite analysis on maximum versus minimum PDO conditions, analogous to the correlation analysis described in section 3b. For each month in Fig. 9 , the average of gridpoint SND composite differences (Avg. of Diff.) is computed, as well as the corresponding composite difference of NA-averaged SND (Diff. of Avg.). Monthly Avg. of Diff. and Diff. of Avg. values are plotted in Fig. 11 . The Diff. of Avg. values are approximately equal to the Avg. of Diff. values for all months. The discrepancy generated by spatial averaging for the composite analysis results is negligible compared to the discrepancy for the correlation analysis results shown in Fig. 6 . The difference between Fig. 6 and Fig. 11 can be attributed to the extreme PDO conditions considered 
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by the composite analysis, under which the relationship between SND and climate is presumably strongest. Under extreme PDO conditions, the broad regionalscale PDO relationship with snow depth overrides competing local factors, and there is relatively less local noise to be washed out by spatial averaging. Thus the composite analysis results are consistent with the notion of a regional-scale snow depth-climate teleconnection that is obscured by local variability.
Summary
The recently released snow depth dataset described in DM06 offers a new opportunity to analyze snow depth-climate relationships, in comparison to snow extent-climate relationships. This paper found clear and robust concurrent lead and lag correlations between snow depth and two major climate modes (PDO and PNA) throughout the snow season, especially over interior central-western North America. The region showing significant snow depth-climate relationships intensifies and expands in late winter and early spring, when the influence of these climate modes is most substantial and when snowpacks are generally deepest and most likely to exhibit normally distributed interannual variability. By comparison, North American snow extent is weakly related to PDO and PNA except during late spring, and this can be interpreted as a residual of preceding winter snow depth-climate relationships. Another important conclusion is that this observed snow depth-climate teleconnection has a regional signature, centered over interior central-western North America. Local snow depth variability obscures this relationship over small regions, while large continental scales exceed the regional scope of the relationship. A composite analysis corroborates the linear correlation results and suggests that the regional signal overwhelms local snow depth variability under extreme PDO or PNA conditions. These results support our initial hypothesis that snow depth has important links with regional/continental climate variations.
Our observed snow depth-climate mode teleconnection is consistent with much of the current literature regarding PDO/PNA and their linkages with general North American hydroclimate. The regional signature of negative snow depth-PDO/PNA relationships centered in interior central-western North America is largely consistent with the center of warmer wintertime air temperature and less precipitation associated with positive PDO index anomalies described by Mantua et al. (1997) and Zhang et al. (1997) . Cayan et al. (1996) and Serreze et al. (1998) asserted that winter snowfall is driven primarily by precipitation over upper midwest North America where temperatures are frequently below freezing and precipitation is always in the solid form. In winter, this region is always covered by snow so the relation between snow extent and PDO is not significant. However, snow depth will vary with precipitation even when snow extent does not. Thus it is not surprising for broad snow cover-climate relationships over this region to be stronger for snow depth instead of snow extent.
The secondary positive snow depth-PDO/PNA signal observed near the southeastern edge of the snow line during December and January is also consistent with the literature. Mantua et al. (1997) and Zhang et al. (1997) report a negative correlation between winter temperature and PDO in this region. Meanwhile, snowfall is more closely tied to air temperature in this region (Serreze et al. 1998) , since temperatures are generally close to freezing near the snow line and hence will determine whether precipitation falls as rain or snow. When the PDO is in its positive (negative) phase, the associated cool (warm) temperature anomaly over eastern North America results in a greater (smaller) ratio of snow versus rain and/or less (more) than normal snowmelt. This results in increased (decreased) snow depth as well as snow extent, although once again snow depth is expected to be more responsive further north of the snow line where winter snow cover is sustained.
Our interpretation of observed negative snow extent-PDO/PNA correlations during late spring as a residual of the snow depth-PDO/PNA teleconnection is consistent with the snow depth-snow extent mutual consistency study in Ge and Gong (2008) . Snow depth and snow extent are generally not mutually consistent. However, in the late spring their mutual consistency increases, since the snow line has retreated toward the far northern reaches of the continent, snow depth is generally shallow and snow cover is dissipating. Furthermore, for certain regions deeper (shallower) winter snow depth was found to translate into larger (smaller) snow extent in the following spring/summer months. Hence winter/spring snow depth anomalies drive subsequent late spring snow extent anomalies, so as a result winter/spring snow depthclimate relationships will also produce a residual late spring snow extent-climate relationship.
Discussion
The significant and coherent teleconnection detected between North American snow depth and prior/following PDO/PNA modes suggest that there may be climatic causes and consequences associated with snow depth variability. An obvious question to ask at this point is what physical mechanisms are responsible for this observed relationship. We conclude with a brief discussion of some underlying physical processes that may drive this remote teleconnection.
The correlations between snow depth and preceding PDO/PNA suggest a causal effect of climate on North American snow depth. McCabe and Dettinger (2002) FIG. 11. For each month in Fig. 9 , the average of individual gridpoint SND composite differences (Avg. of Diff.) and the composite difference of NA-averaged SND (Diff. of Avg.) are computed. The two thin dashed lines represent 95% percentile and 5% percentile of the corresponding gridpoint composite differences in Fig. 9. found that a positive (negative) PNA/PDO phase produces an intensified (weakened) Aleutian low over the North Pacific Ocean and an above (below) normal 700-hpa height over western Canada. These anomalies represent a strengthening (weakening) of the high pressure ridge over western North America during the winter season, which is associated with anomalously weaker (stronger) westerly flows from the North Pacific Ocean into western NA, and hence decreased (increased) transport of atmospheric moisture and winter precipitation over the continent. The reduced (amplified) precipitation and cold winter temperatures primarily serve as the reasons for shallower (thicker) snowpack (Cayan et al. 1996; Serreze et al. 1998) .
The spatial domain of our observed snow depthclimate teleconnection is consistent with previous research on the impact of PDO/PNA on the location and strength variations of storm tracks. The Pacific moisture transport anomalies found by McCabe and Dettinger (2002) in association with the PDO can be interpreted as changes in the strength of Pacific storm tracks. Redmond and Koch (1991) indicated that storm tracks entering western North America are more southerly in positive PNA years than in negative PNA years, resulting in less snowfall within a midwestern North American domain that is collocated with our observed snow depth-climate signal.
The asymmetrical contribution of the extreme positive and negative PDO/PNA phases to North American snow depth is also addressed in previous literature. Negative-phase ENSO produces stronger positive snow water equivalent anomalies at most stations in the northwest than positive-phase ENSO (Jin et al. 2006) . It is also known that ENSO and PDO are clearly related, both spatially and temporally (Mantua et al. 1997) . These statements are consistent with our finding that negative PDO is more influential to North American snow depth (Figs. 10a,b) . Jin et al. (2006) reported that the positive PNA contributes more significantly to the snow water equivalent variations than does the negative PNA over the western United States, consistent with Figs. 10c,d. They suggested that western North American precipitation anomalies associated with negative PNA are controlled by a different mechanism than the ocean-to-land moisture transport. During a negative PNA, below-normal pressure in western NA encourages anomalous cyclonic circulation, which may increase precipitation and thus deeper snow in winter.
On the other hand, snow depth variation can also be an important forcing mechanism with consequences for Northern Hemisphere climate variability. It has been widely recognized that the presence (absence) of snow cover could increase (decrease) surface albedo and decrease (increase) air temperature. When snow cover is continually present, snow depth variations can also interact with the overlying atmosphere. Deeper-thannormal snowpacks may 1) have a higher albedo since the snow is generally newer; 2) better insulate the land surface by allowing less heat conduction from underlying soil; and 3) emit more latent heat via increased snowmelt, evaporation, or sublimation (Cohen 1994; Gong et al. 2004 ). All of these processes act as sinks in the surface energy balance and contribute to decreased air temperature with deeper snow.
The significant linkages between late autumn/early winter snow depth with subsequent PDO/PNA suggest that the local overlying temperature suppression in response to positive snow depth anomalies may be strong enough to propagate to remote regions and in turn modulate hemispheric climate modes. The specific pathways are still unclear, but recent observational and modeling studies (Gong et al. 2003; Sobolowski et al. 2007) suggested that dynamic stationary wave mechanisms may be involved. One possibility is that cooler temperatures over North America in response to a positive snow depth anomaly enhance the climatological ridge over western North America but not the upstream trough over the North Pacific, thus disrupting the PNA pattern.
This paper identifies a robust and coherent teleconnection pattern between North American snow depth and the PDO/PNA modes. This statistical relationship suggests that regional snow depth anomalies can potentially play an important role in climate variability, independent of well-studied snow extent anomalies. Moving forward, our next task will be the physical justification of such snow depth-PDO/PNA relationships, that is, to provide a sound, physically based foundation for the climate causes and consequences of snow depth anomalies over North America.
Recognition of snow depth as an important contributor to climate variations will promote continued improvements in the still relatively crude snow parameterizations in climate models and also in snow depth remote sensing techniques. The explicit consideration of both snow depth and snow extent will be beneficial to a more fundamental understanding of snow-climate relationships, which will help refine snow feedbacks associated with climate change and enhance the potential for climate predictability contained in snow anomaly signals. Such an improvement of understanding will broaden the scope of hydrologic land surfaceatmosphere interaction research, and in turn would have far-reaching societal benefits for water resource management, hazard mitigation, and anthropogenic climate change.
